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ally developed in patient A after the fenestration closure,
including hepatomegaly, edema (particularly after mild exer-
cise), and fatigability (classified as NYHA class III). In con-
trast, patient B has been in NYHA class I for 3 years after fen-
estration closure. Follow-up cardiac catheterization was
performed 7 and 13 months after the fenestration closure for
each patient and revealed no anatomic obstruction or stenosis,
valvular regurgitation, or aortopulmonary collateral vessels.
Hemodynamic data are shown in Table III. Systolic and dias-
tolic function indicated by conventional indexes and pul-
monary artery resistance were similar between the 2 patients
and thus failed to differentiate between the functional status of
the 2 patients. However, a load-independent contractility
index, end-systolic elastance (Ees),5 measured by means of
pressure-area analysis during transient caval occlusion, was
markedly lower in patient A than in patient B, suggesting
impaired ventricular contractility in patient A. Furthermore,
responses to increased heart rate (HR) and to β-adrenergic
stimulation revealed marked disparity in cardiac reserve func-
tion between the 2 patients. Fig 1, A, displays the hemody-
namic responses to increased HR by atrial pacing, with data
shown as percentage changes from baseline values. Although
ventricular contractility (Ees) increased with increased HR in
patient B, this positive force-frequency response was signifi-
cantly diminished in patient A. Diastolic function (relaxation
time constant) improved as HR increased in patient B but not
in patient A. Pacing reduced ventricular preload (end-diastolic
area) in both patients but more so in patient A, together with
a marked increase in pulmonary capillary wedge pressure
suggestive of limited ventricular filling at higher HRs in
patient A. Consequently, increased HR resulted in an increase
in CO and a minimal increase in CVP in patient B, whereas
CO decreased and CVP markedly increased in patient A. Fig
1, B, displays pressure-area relations before and after dobuta-
mine infusion (15 µg kg–1 min–1). The slope of end-systolic
pressure-area relation (Ees) markedly increased with dobuta-
mine administration in patient B. In contrast, patient A
The fenestrated Fontan procedure has been applied to high-
risk patients with univentricular hearts,1 resulting in decreased
perioperative morbidity and mortality.2 The fenestration is
subsequently subjected to a permanent transcatheter closure
when hemodynamic responses to test occlusion are favorable.
Several investigators have proposed criteria for closing fenes-
trations that are mainly based on the changes in central venous
pressure (CVP) or cardiac output (CO) after test occlusion.3,4
Such criteria provide useful information as to whether a fen-
estration can be closed, and indeed, most of the patients who
have undergone fenestration closure according to the criteria
have a reported outcome of New York Heart Association
(NYHA) class I.3,4 However, it is also true that some who did
not meet the criteria but underwent fenestration closure also
have a good functional class but that others who did meet the
criteria have a suboptimal functional class.3,4 This evidence
suggests the need for more detailed assessments to avoid such
an overlap. To better understand and predict Fontan physiolo-
gy after fenestration closure, we present cases that suggest the
importance and usefulness of cardiac rest and reserve function
assessments.
Clinical summary. We compared 2 patients who under-
went fenestrated Fontan operations with subsequent fenestra-
tion closure. Characteristics for each patient are summarized
in Table I, and test occlusion results are shown in Table II.
Hemodynamic responses after test occlusion were quite simi-
lar between the 2 patients and almost met the aforementioned
proposed criteria. However, symptoms of heart failure gradu-
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Table I. Patient characteristics
Patient A Patient B
Sex Female Male
Diagnosis Taussig-Bing anomaly, coarctation of aorta, Hypoplastic right ventricle, VSD, TGA, PS
subaortic stenosis, single right coronary artery
Palliative operation (age at operation) Pulmonary artery banding with coarctectomy (7 d) BTS (1 mo), bidirectional Glenn (5 y)
Fontan procedure (age at operation) TCPC with baffled lateral tunnel, Damus-Kaye-Stansel (3 y) TCPC with baffled lateral tunnel (6 y)
Age at final catheterization (y) 7 10
VSD, Ventricular septal defect; TGA, transposition of the great arteries; PS, pulmonary stenosis; BTS, Blalock-Taussig shunt; TCPC, total cavopulmonary connection.
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showed a minimal increase in Ees, which was consistent with
a decreased β-adrenergic reserve, as well as impaired base-
line contractility.
Discussion. The 2 patients described herein had similar
responses to test occlusion, but the functional outcome after
fenestration closure was quite different. Conventional hemo-
dynamic indexes were unable to delineate ventricular dys-
function in patient A, who manifested overt heart failure after
fenestration closure, but assessment of hemodynamic
responses to increased HR and β-agonist by means of pres-
Fig 1. A, Hemodynamic response to increased heart rates (HR). B, Pressure-area relations before and after
dobutamine.
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sure-area analysis clearly contrasted the difference between
the 2 patients.
Because there is no ventricle propelling venous flow into
a single ventricle in Fontan physiology, ventricular preload
reserve is inevitably limited in this circulation. Conven-
tional indexes for ventricular systolic-diastolic function are
load dependent and generally more evident as load increas-
es.5 Thus, limited preload reserve in the Fontan circulation
is inherently prone to mask the ventricular dysfunction
when assessed by means of such indexes. The load-
independent measure of ventricular function provided by
pressure-area analysis is therefore highly beneficial in this
setting. In addition, the limited preload reserve would
become more crucial when ventricular filling time is short-
ened, as occurs with rapid HR. Ventricular diastolic dys-
function would further exacerbate filling disturbance in this
condition. Thus, hemodynamic evaluation in response to
increased HR can be useful in the unmasking of ventricular
dysfunction in patients with Fontan circulation. Last, dimin-
ished β-adrenergic reserve is commonly observed in heart
failure and is closely related to the decreased exercise
capacity of patients undergoing heart failure. The mainte-
nance of cardiac output by the adrenergic reserve would
increase in importance under the condition of limited car-
diac filling in the Fontan circulation.
In summary, pressure-area analysis at rest and responses to
increased HR by means of atrial pacing and to β-adrenergic
stimulation could provide more detailed information about
Fontan physiology. These may be useful in determining
whether to close the fenestration, particularly when respons-
es to test occlusion are borderline.
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Table II. Hemodynamic response to test occlusion
Patient A Patient B
Before occlusion After occlusion Before occlusion After occlusion
SaO2 (%) 89 93 90 94
SVO2 (%) 67 60 65 59
∆(A-V O2) (%) 22 33 25 35
CVP (mm Hg) 11 12 12 14
CI (L · min–1 · m–2) 3.1 2.7 3.3 2.9
SaO2, Arterial oxygen saturation; SVO2, mixed venous oxygen saturation; ∆(A-V O2), arteriovenous difference in oxygen saturation; CI, cardiac index.
Table III. Baseline hemodynamics at the final
catheterization after fenestration closure
Patient A Patient B
HR (beats/min) 96 81
SaO2 (%) 94 94
Rp (RUm2) 1.9 2.6
CVP (mm Hg) 11 13
EF (%) 48 50
dp/dt max 1156 1250
τ (ms) 43 47
EDA (cm2/m2) 7 10
EDP (mm Hg) 5 6
Ees (mm Hg · cm2/m2) 10 19
SaO2, Arterial oxygen saturation; Rp, pulmonary vascular resistance; EF, ejec-
tion fraction; τ, relaxation time constant; EDA, end-diastolic area; EDP, end-
diastolic pressure.
